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Abstract 


In the current study, the influence of silicon (Si) on KDML 105 rice plants exposed 
to drought and salt stress was observed. The 28-days old rice plants were arranged 
into control, drought, and salinity conditions. The drought and salinity conditions 
were achieved by addition of 20% W/W polyethylene glycol 6000 and 120 mM NaCl 
to the nutrient solution, respectively. Si was concurrently applied in all groups by 
adding 0, 1.5, 2.0, and 2.5 mM Na,SiO3. The results showed that some growth and 
physiological parameters were positively changed by the Si-application. The relative 
water content was significantly improved in the 1.5 mM Si-supplemented drought 
group and the 2.0 mM Si-supplemented salt group. Additionally, Si at 2.0 mM 
significantly improved photosynthetic activity in the rice and slightly reduced plant 
temperature under salt stress. Moreover, exogenous Si ameliorated NaCl toxicity 
from the sodium-potassium ratio decline. The results suggested that 2.0 mM silicon 
was a proper concentration to recover plants exposed to abiotic stress. 


Keywords 
drought; rice; salinity; silicon; thermal images 


1. Introduction 


Drought and salt stress are among the most damaging abiotic stressors causing a 
significant reduction in crop productivity. In the northeast of Thailand, drought and 
salinity were the most harmful stresses leading to a reduction in crop productivity at a 
level around 1800 metric tons or 2.7% of global crop production (Khadka et al., 2021). 
Over the past 60 years, drought induced by unpredictable rainfalls was reported as the 
major cause of crop yield loss in the northeast region of Thailand, and the problem 
tended to intensify further due to climate change (Zhao et al., 2022). Moreover, 
approximately 50% of agricultural land in this region is classified as salt-affected due 
to the presence of underground rock salts. Soil salinity in this region was estimated 
to cause around 34.18% reduction in crop productivity (Khotchanalekha et al., 2020; 
Liet al., 2020). 


Drought stress causes major damage to plant growth, including loss of cultivated 
production from water resource limitations in arid and semi-arid areas (Li-Ping 
et al., 2006; Phansak et al., 2021). Water deficit from drought condition results in 
a reduction in leaf turgor and water potential, which subsequently leads to damage 
to membrane integrity, chlorophyll contents, water relations, osmotic adjustment, 
and photosynthetic activity in field crops (Farooq et al., 2009; Parveen et al., 2019; 
Taratima et al., 2021). Salt stress is a plant-challenging high saline condition in soil 
inducing (i) osmotic stress leading to reduction in the water absorption rate and 
stomatal closure, (ii) ion toxicity stress resulting in disruption of the equilibrium of 
the sodium-potassium ratio due to exceeded sodium uptake, and (iii) oxidative stress 
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resulting in degradation of macromolecules and metabolic disturbance (Ahmad et al., 
2019; Z. Ahmad et al., 2021). These stresses strongly inhibit growth and development 
in plants, which has led to increased commercial productivity loss issues for many 
years in Thailand (Li et al., 2010; Ye et al., 2012). 


Exogenous application of some plant growth regulators or chemical elements is used 
widely to improve plant growth and reduce harmful damage resulting from several 
stress conditions (Avestan et al., 2019). Silicon (Si) is a beneficial element. Previous 
studies reported its efficiency in increasing stress resistance, developing yield quantity, 
and adjusting physiological processes in plants (Chaiwong & Prom-u-thai, 2022; de 
Oliveira et al., 2019; Liu et al., 2019). Si was also found to mitigate drought and 
salt-induced injury by increasing defensive mechanisms such as stem thickening, 
recovery of damaged photosynthetic apparatus, and alleviation of oxidative stress 
through antioxidant activation (Das et al., 2022; Liu et al., 2019). 


Water deficit is the main detrimental consequence to plants under drought and salt 
stress, disturbing stomatal regulation and leading to an increase in plant temperature 
(Ballester et al., 2013). Thermography is a non-destructive technique that can be 
adapted to detect interactions among plant mechanisms and the environment by 
capturing the infrared picture (Costa et al., 2013; Pipatsitee et al., 2018). Temperature 
calculated from the infrared image can be used to assess physiological changes in a 
short period. Exposure to and absorption of solar energy lead to high canopy temper- 
ature; it can be reduced by high leaf evaporation or transpiration, which was correlated 
with stomatal conductance (Jones, 2004; Pradawet et al., 2022). The crop water stress 
index (CWSI) is a significant monitoring indicator calculated from temperature to 
ascribe the way correlating with physiological changes and predict yield quantity 
(Pradawet et al., 2022). Remarkably, plant temperature based on the thermal image 
can evaluate changing physiological and biological parameters in drought and salinity 
conditions (Ali, 2015; Pineda et al., 2020). 


Although the alleviation of several stresses by Si has widely been reported, the level 
of exogenous Si which shows the most effective alleviation from drought and salin- 
ity stresses assessed with a thermal imaging technique has been scarcely described. 
Hence, the purposes of this study are to investigate the proper Si level to retrieve stress 
damage disclosing physiological, biochemical, growth, and photosynthetic correlates 
with stress-effected temperature by thermography under salt and drought stresses 
with or without exogenous Si applications. 


2. Materials and methods 
2.1. Plant materials and growth conditions 


KDML105, the well-known but moderately salt sensitive rice cultivar, was used in 
this study. The rice seeds were surface sterilized with 5% sodium hypochlorite for 
15 minutes. They were soaked for 2 days with sterile distilled water before germi- 
nating in sterile petri dishes. Homogenous and healthy seedlings were moved to 
a plastic bucket with a polystyrene foam sheet as a hydroponic system. They were 
maintained in a greenhouse at the Department of Biology, Faculty of Science, Khon 
Kaen University from 17 January to 19 February 2022. The average air temperature, 
photosynthetically active radiation, and relative humidity were 24.92 + 2.15 °C, 305.58 
+ 79.56 uM m* s_', and 77.01 + 2.15%, respectively. The experiment was carried 
out in a factorial completely randomized design with five replications. Rice seedlings 
were grown in each bucket containing 2 L of tap water, half-strength, and full-strength 
Yoshida nutrient solution (Yoshida et al., 1976) for 4, 8, and 9 days, respectively until 
they were 21 days old. The pH of Yoshida nutrient solution was adjusted to 5.5 using 
sulfuric acid (H,SO,) and sodium hydroxide (NaOH). 


Then, the rice plants were subjected to various treatments, including (i) control 
(absence of drought or salt stress) + 0 mM Si, (ii) control + 1.5 mM Si, (iii) control + 
2.0 mM Si, (iv) control + 2.5 mM Si, (v) drought + 0 mM Si, (vi) drought + 1.5 mM 
Si, (vii) drought + 2.0 mM Si, (viii) drought + 2.5 mM Si, (ix) salinity + 0 mM Si, 
(x) salinity + 1.5 mM Si, (xi) salinity + 2.0 mM Si, and (xii) salinity + 2.5 mM 
Si. The drought, salinity, and silicon treatments were created by adding 20% W/W 
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polyethylene glycol (PEG) 6000, 120 mM sodium chloride (NaCl), and various levels 
(1.5, 2.0, and 2.5 mM) of sodium metasilicate (Na,SiO3). The hydroponic solution 
with 1.5, 2.0, and 2.5 mM Na,SiO, contained approximately 0.15, 0.20, and 0.25 gL! 
of plant-available absorbed form [silicic acid (H,SiO,)], respectively. 


The physiological and growth parameters were measured, and the thermal images 
were captured 7 days after treating all conditions or when the plants showed some 
signs of stress such as leaf rolling or lower leaf dying. 


2.2. Measurements 
2.2.1. Growth parameters 


Shoots and roots of three rice plants selected from each replication were weighed for 
recording shoot fresh weight (SFW) and root fresh weight (RFW), respectively. The 
samples were oven-dried at 80 °C for 72 hours in a hot air oven. Shoot dry weight 
(SDW) and root fresh weight (RDW) of these samples were subsequently measured 
using analytical balances (Mettler Toledo, Columbus, OH, USA). Shoot length (SL) 
and root length (RL) were measured using ImageJ software (National Institutes of 
Health, USA). 


2.2.2. Leaf gas exchange measurement 


The photosynthetic parameters such as the net photosynthetic rate (Py), transpiration 
rate (E), and stomatal conductance (g,) of the first fully expanded leaf of three rice 
plants selected from each replication were measured during 11.00 am-01.00 pm using 
an LI-6400XT portable photosynthesis system (Li-Cor Inc., Lincoln, NE, USA). All 
measurements were taken at 1,200 umol photons m~* s~! photosynthetic photon flux 
density, 400 ppm CO,, and 25 + 2 °C. In addition, water use efficiency (WUE) was 
calculated following the formula according to Ma et al. (2004): 


WUE (umol CO, mmol! H,0) = Py/E 


2.2.3. SPAD measurement 


The greenness of rice leaves (SPAD value) was assessed using a SPAD-502 chlorophyll 
meter (Spectrum Technologies Inc., USA) in the first fully expanded leaf of three 
rice plants randomly selected from each replication. In each plant, SPAD values were 
measured at the basal, middle, and apical parts of the leaf (Can et al., 2021). 


2.2.4, Relative water content (RWC) 


In each treatment, 10 mid-leaf sections with 2 cm length each were cut and imme- 
diately weighed using an analytical balance for fresh weight (FW) measurement. The 
leaf sample was then submerged in a plastic petri dish containing deionized water for 
8 hours; after that, it was taken out, put in a microtube, and weighed immediately to 
obtain turgid weight (TW). Subsequently, the leaf sample was oven-dried at 70-80 °C 
for 48 hours and weighed for dry weight (DW) measurement. This method was 
adapted from Siddiqui et al. (2014). RWC was calculated using the following formula 
according to Siddiqui et al. (2014): 


RWC (%) = [(FW — DW) / (TW — DW)] x 100 
2.2.5. Membrane injury (MI) 


Approximately 0.1 g of rice leaves were cut and washed with deionized water to 
remove surface-adhered electrolytes and lightly swabbed. Subsequently, the sample 
was immersed in 10 mL of deionized water in 15 mL conical centrifuge tubes at room 
temperature (20-25 °C) for 24 hours. The electrical conductivity of the effusion was 
measured using an electrical conductivity meter (PL-700C, Gondo, GonDo EzDo, 
Taipei, Taiwan) and considered as EC1. Subsequently, the leaf tissue sample was 
incubated at 100 °C in water bath for 25 minutes and cooled to room temperature. 
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The electrical conductivity of the effusion was measured again (EC2). Membrane 
injury from electrolyte leakage was calculated following Zhang et al. (2017). 


MI (%) = (EC1/EC2) x 100 
2.2.6. Malondialdehyde (MDA) content 


The amount of MDA was quantified with the thiobarbituric acid reactive sub- 
stances (TBARS) assay. 0.1 g of shoot samples were homogenized in 1 mL of 0.1% 
trichloroacetic acid (TCA) and centrifuged at 15,000 rpm at 4 °C for 10 minutes. 
0.5 mL of the supernatant was mixed with 1.5 mL of 0.5% thiobarbituric acid (TBA) 
dissolved in 20% TCA. Then, the mixture was incubated in 95 °C water bath for 25 
minutes and cooled in an ice bucket. Subsequently, the MDA content was determined 
by measuring the absorbance of the supernatant in a UV-VIS spectrophotometer 
(Spectrocord 200 plus, Analytik Jena, Analytik Jena GmbH, Jena, Germany) at 532 
and 600 nm. The method was adapted from Heath and Packer (1968). The MDA 
content was calculated using the following formula (Heath & Packer, 1968): 


MDA (mM) = (OD533 — ODqo) / 155 


where 155 is the extinction coefficient (mM~! cm~!) at 532 nm. 
2.2.7. Na*, Kt, and Sicontent 


The oven-dried shoot sample in each replication was ground into powder using a mor- 
tar and pestle. Then, approximately 2 g of the powder was subjected to nitric perchloric 
digestion. The Na* and K* concentrations were quantified using an Analytik-Jena 
ContrAA 800 atomic absorption spectrophotometer (Analytik Jena GmbH, Jena, 
Germany) (Hesse, 1972). Additionally, 50 mg of the powdered sample was digested 
by autoclave-induced sodium hydroxide digestion (Elliott & Snyder, 1991). The Si 
content was measured by inductively coupled plasma optical emission spectrometry 
(ICP-OES) using an Analytik-Jena PQ 9000 ICP-OES analyzer (Analytik Jena GmbH, 
Jena, Germany) at the Department of Agronomy, Faculty of Agriculture, Khon Kaen 
University. 


2.2.8. Infrared thermal imaging 


Plant temperatures were observed when the rice plants showed some signs of stress 
using a FLIR C2 thermal camera (Teledyne FLIR LLC, OR, USA) from 9.00 am to 
11.00 am. The distance for taking the thermal image was approximately 1 m from 
the thermal camera to the rice plants. The dry and wet references were used in this 
experiment for ratifying temperature from different circumstances. The dry reference 
was a cloth with a stick representative as leaves with fully closed stomata and the wet 
reference was that stick sprayed with water to create a moisture surface representative 
as leaves with fully opened stomata; these principles were adapted from Takashima 
et al. (2021). Canopy temperature (T .nopy)> wet reference temperature (T,,.,), and 
dry reference temperature (T4,,) were exhibited as line-shown average temperatures 
selected from three lines of each thermal image using FLIR Tools software (Siddiqui 
et al., 2014). The emissivity value and reflected temperature were set at 0.95 and 20 °C, 
respectively. 


The crop water stress index (CWSI) was calculated by the following equations (Costa 
et al., 2013): 


CWSI = a _ To) / (T avy i. Tce) 
2.2.9. Statistical analysis 


Data were analyzed by analysis of variance (ANOVA). Multiple mean comparison 
was performed using the least significant difference (LSD) in Statistix 10 software 
(Analytical Software, FL, USA). Principle component analysis (PCA) was conducted 
on 16 and 17 parameters in the drought and salt conditions, respectively, using R (R 
Foundation, New Zealand) with “FactoMineR” package. The PCA biplot was con- 
structed using the “factoextra” and “ggplot2” packages. 
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3. Results 
3.1. KDML105 rice growth 


In all concentrations of the Si-applied control condition, the SFW, SDW, RFW, and SL 
parameters of the rice plants were significantly enhanced. Another important result 
was that 2.0-2.5 mM Si also significantly improved RDW and RL, producing an 
approximately six-fold increase in RDW and a 30% increase in RL (Table 1). The shoot 
growth was significantly retarded by the drought conditions. The amelioration of the 
drought stress-reduced SFW was provided by adding 2.0 mM Si. RFW and RDW 
showed a slightly reducing trend in the stressful conditions compared with the control 
group. Si slightly improved RFW in the drought and salt stress conditions. The addi- 
tion of 2.5 mM Si in the salinity condition increased RDW significantly. Si seemed to 
improve SL and RL in the stress conditions. However, a significant effect was observed 
only in SL of plants treated with 1.5 or 2.0 mM Si under salt stress (Table 1). 


3.2. Physiological parameters 


The salinity stress significantly increased EL and MDA content in the rice plants. Si 
considerably decreased EL of KDML 105 under salinity. Si at 2.5 mM significantly 
reduced EL by half under salt stress. Since drought stress had no significant impacts on 
EL and MDA content in this study, we could not observe any amelioration of drought 
by Si. The RWC significantly declined (approximately by 8%) in the rice plants exposed 
to both stressful situations, compared with the highest RWC of 95.30% in the control 
group. The Si application at 2.0 and 2.5 mM significantly improved the water status 
reaching around 92% in rice exposed to salt stress, while the RWC under drought was 
significantly retrieved at 1.5-2.5 mM Si (ie., increased by around 5%) (Table 2). 


The effects of Sion SPAD values varied with growth conditions. For the non-stressed 
plants, the supplementation with 2.5 mM Si resulted in a significant reduction in 
SPAD, while no significant changes were observed in the drought condition. Under 
salinity, only 1.5 mM Si significantly enhanced leaf greenness. The g, and E val- 
ues significantly declined by approximately 10 times under salinity. Py presented 
a reducing trend in both stressful treatments, compared with the control without 
Si. However, the salinity-exposed rice plants were positively influenced by the Si 
applications. A significant surge of Py, g,, and E were exhibited in the 2.0 mM 
exogenous Si-supplemented rice plants. Py, g,, E, and WUE were not changed under 
drought with or without Si. The result demonstrated the increment of WUE in rice 
plants under salt and drought stresses. Reduced WUE was observed in the saline 
rice plants supplemented with 2.0 mM Si, while the drought Si-supplemented groups 
tended to have higher WUE (Table 3). 


The proportion of Na* and K* was altered, significantly increasing 36 times in the 
salinity conditions. The Si application slightly reduced the Na* to K* ratio in the 
salinity group. The amount of Si in the rice plants increased with the increasing 
exogenous Si concentrations in all conditions. The drought- and salt-stressed rice 
plants accumulated greater amounts of Si in the shoots than those in the control group 
(Table 4). 


3.3. Seeding temperature 


Drought and salinity increased the canopy temperature of the rice plants (Figure 1, 
Table 5). The canopy temperatures were slightly altered among the Si concentrations. 
The temperature difference (AT) disclosed non-similar alleviated patterns under both 
stresses, obviously decreasing in the salt variant supplemented with 2.0-2.5 mM Si. 
However, the decrease was not revealed to have a significant difference (Table 5). 


3.4. Principal component analysis (PCA) 
To minimize the dimensionality of the data and discover potential relationships 


among the observed features in the control and stressful conditions, 16 growth and 
physiological variables were subjected to PCA. The Na* to K* ratio was included in 
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Table 1 Shoot fresh weight (SEW), shoot dry weight (SDW), root fresh weight (RFW), root dry weight (RDW), shoot length (SL), and root length (RL) in KDML105 rice plants exposed to drought and 
salinity conditions with various silicon levels. 


Si concentration 


SFW (g plant’) 


SDW (g plant‘) 


Control Drought Salinity Control Drought Salinity 
0mM 2.7387 + 0.26 Ba 1.1917 + 0.45 Bb 2.7539 + 0.35 Aa 1.1523 +0.18Ca 0.5011 +0.28 Ab 1.2716+0.23 Aa 
1.5mM 4.4890 + 0.53 Aa 1.5463 + 0.44 ABc 2.8253 + 0.41 Ab 2.4480 + 0.44 Ba 0.7505 + 0.21 Ab 1.0872 + 0.29 Ab 
2.0 mM 4.35314 0.36Aa 2.1869 + 0.19 Ac 3.0922 + 0.18 Ab 3.3979 + 0.30 Aa 1.2205+ 0.18 Ab 1.4295 + 0.20 Ab 
2.5 mM 5.2145 + 0.47 Aa 1.9384 + 0.22 ABb 2.5903 + 0.56 Ab 3.8838 + 0.22 Aa 0.8122 + 0.27 Ac 1.7897 + 0.12 Ab 
Si concentration RFW (g plant‘) RDW (g plant~') 

Control Drought Salinity Control Drought Salinity 
0mM 1.0052 +0.14Ba 0.6992 + 0.18 Aa 0.7712+0.11Aa 0.1320 + 0.02 Ca 0.1323 + 0.05 Aa 0.0893 + 0.01 Ba 
1.5mM 1.6404 + 0.23 Aa 0.8180 + 0.18 Ab 0.7664 + 0.08 Ab 0.2479 + 0.08 BC a 0.1507 + 0.05 A ab 0.0745 + 0.01 Bb 
2.0 mM 1.7430 + 0.14Aa 0.8778 + 0.07 Ab 0.9652 + 0.06 Ab 0.6055 + 0.21 ABa 0.1169 + 0.01 Ab 0.0987 + 0.01 Bb 
2.5 mM 2.1652 + 0.24 Aa 0.8590 + 0.07 Ab 0.9245 + 0.06 Ab 0.7922 + 0.18 Aa 0.1057 + 0.01 Ab 0.1569 + 0.04 Ab 
Si concentration SL (cm) RL (cm) 

Control Drought Salinity Control Drought Salinity 
0mM 59.362 + 2.11 Ba 48.806 + 4.68 Ab 53.810 + 1.00 B ab 20.124+ 1.61 Ba 13.780 + 1.46 Ab 18.656 + 0.76Aa 
1.5mM 67.028 + 1.15Aa 54.110 + 1.59 Ac 60.946 + 2.61 Ab 22.688 + 1.69 ABa 16.280 + 1.30Ab 18.544 + 0.63 Ab 
2.0 mM 70.782 + 2.13 Aa 56.334 + 2.50 Ab 62.114+148Ab 25.178 + 1.17 Aa 16.832 + 1.03 Ab 20.534 + 1.60 Ab 
2.5 mM 71.430 + 1.22 Aa 52.924 + 2.38 Ac 58.556 + 1.25 ABb 26.294 + 1.73 Aa 16.950 + 0.31 Ab 19.834 + 0.69 Ab 


Different uppercase letters indicate significant differences among silicon concentration groups; different lowercase letters indicate significant differences among treatment groups by LSD at p < 0.05. 
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Table 2 Effects of different silicon concentrations on electrolyte leakage (EL), malondialdehyde (MDA) content, and relative 
content (RWC) in KDML105 rice plants in drought and salinity conditions. 


Siconcentration EL (%) MDA (nmol g~! FW) 

Control Drought Salinity Control Drought Salinity 
0mM 7.37 +1.72Ab 6.77+0.73Ab 15.0243.77Aa 142+020Ab 2.064+0.24Aab 2.214+0.20Aa 
1.5 mM 5.44+0.84Ab 6864+ 1.78Ab 11.31+040ABa 1.5340.18Ab 180+0.12Aab 2.134+0.17Aa 
2.0 mM 6.32 + 0.47 Ab 9544+1.16Aa 10.52+0.62ABa 119+005Aa 1.79+0.11 Aa 2.01+029Aa 
2.5mM 4.93 + 0.44 Ab 8914139Aa 7.30+1.17Bab  1.26+0.16Aa 188+0.09Aa 18340.06Aa 


Siconcentration RWC (%) 


Control Drought Salinity 
0mM 95.30+045Aa 88834+1.38Bb 87.09+131Bb 
1.5mM 92.32+0.96Aa 93.20+0.62Aa 90.44+ 1.47 ABa 
2.0 mM 92.95+0.77Aa  93.39+0.55Aa 92.16+1.76Aa 
2.5mM 92.920+1.91Aa 92.52+1.15Aa 91.77+0.97 Aa 


Different uppercase letters indicate significant differences among silicon concentration groups; different lowercase letters indicate significant differences 
among treatment groups by LSD at p < 0.05. 
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Figure 1 FLIR C2 thermal images of rice plants subjected to 0, 1.5, 2.0, and 2.5 mM Si under (A) control, (B) drought, and (C) 
salinity conditions. 


the analysis for the salinity experiment. In the control and drought conditions, the 
first three principal components (PC) with eigenvalues greater than one represented 
96.08% of the total variations. The selected PC1 and PC2 explained 77.2% and 9.7% of 
the overall trait variability, respectively (Figure 2A). RL, Py, and SL were the top three 
highest-contributing parameters in PC1 (Figure 2B), whereas the Si content, WUE, 
and RDW were associated with PC2 (Figure 2C). According to the PCA biplot shown 
in Figure 3A, a separation between the control and drought groups was observed. In 
the non-stressed condition, the Si treatments were clearly separated from the non-Si 
treatment. However, no clear separation between the non-Si and Si treatments along 
PC1 was observed. 


The PCA results of the control and salinity conditions showed that the first three 
PCs with eigenvalues larger than one accounted for 95.45% of the total variations 
(Figure 2D). The PC1 and PC2 were expressed at 76.0% and 11.6%, respectively, and 
were selectively used in the PCA biplot. The top three highest-contributing traits in 
PC1 were represented by E, RFW, and RL, whereas PC2 demonstrated the Si content, 
SDW, and RWC (Figure 2E and 2F). A clear separation between the control and 
salinity groups is shown in Figure 3B. Various Si-treated groups were separated from 
the non-Si-treated groups. In addition, the Si-applied salt groups showed a trend to 
be close to all the Si-control groups, exhibiting a clearer positive Si influence on the 
reduction of the harmful salt stress effects than drought (Figure 3B). 
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Table 3 Mean comparison of the net photosynthesis rate (P,,), stomatal conductance (g,), transpiration rate (E), SPAD reading, and water use efficiency (WUE) of KDML 105 rice plants under 
drought and salinity conditions. 


Si concentration Py (umol CO, m~ s~1) g, (mmol H,O m~® s“!) 

Control Drought Salinity Control Drought Salinity 
0mM 20.423 + 1.60Aa 17.223 + 0.98 Aa 16.680 + 1.12 Ba 0.4265 + 0.100 Aa 0.0448 + 0.014 Ab 0.0463 + 0.007 Bb 
1.5mM 24.213+1.66Aa 16.673 + 0.29 Aa 19.820 + 1.21 ABb 0.3816 + 0.072 Aa 0.0407 + 0.001 Ab 0.0725 + 0.015 ABb 
2.0 mM 25.600 + 1.65 Aa 17.103 + 0.42 Aa 20.267 + 1.27 Ab 0.5006 + 0.043 Aa 0.0392 + 0.002 A b 0.0787 + 0.010 Ab 
2.5mM 25.467 + 2.20 Aa 17.377+1.49 Aa 19.923 + 0.67 ABb 0.4299 + 0.052 Aa 0.0357 + 0.016 Ab 0.0687 + 0.003 ABb 
Si concentration E (mmol H,0 m” s~!) SPAD 

Control Drought Salinity Control Drought Salinity 
0mM 10.610 +2.0lAa 1.758 +0.52 Ab 1.896 + 0.26Bb 35.250 + 0.75 Ab 37.630 + 0.88 Aa 36.490 + 0.55 BC ab 
1.5mM 10.4214+1.31lAa 1.452+0.16Ab 2.925 + 0.59 ABb 35.370 + 0.50 Ab 37.030 + 0.91 Ab 40.550 + 0.90 Aa 
2.0 mM 13.645 + 0.82 Aa 1.256 + 0.06 Ac 3.185 + 0.38 Ab 34.260 + 0.59 Aa 37.100 + 0.54Aa 35.880 + 2.33 Ca 
2.5mM 12.226+1.18Aa 1.563 + 0.23 Ab 2.790 + 0.08 ABb 30.950 + 0.76 Bc 37.410 + 0.93 Ab 39.800 + 0.41 ABa 


Si concentration 


0mM 

1.5mM 
2.0 mM 
2.5 mM 


Different uppercase letters indicate significant differences among silicon concentration groups; different lowercase letters indicate significant differences among treatment groups by LSD at p < 0.05. 


WUE (umol CO, mmol— 


1 1,0) 


Control 

2.033 + 0.29 Ab 
2.362 +0.19 Ac 
1.881 +0.11Ac 
2.088 + 0.05 Ac 


Drought 

11.0464 2.11Aa 
11.730+1.10Aa 
13.6644 0.54Aa 
12.1264 1.79 Aa 


Salinity 

8.999 + 0.73 Aa 
7.260 + 1.23 ABb 
6.475 + 0.49 Bb 
7.139 + 0.06 AB b 
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Table 4 Na* to K* ratio and Si content 
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in KDML 105 rice plants. The Na* to K* ratio was quantified in non-stressed and 


salt-stressed rice plants, while the Si content was analyzed in rice plants in all treatments. 


Si concentration Nat/K* Si content (%) 

Control Salinity Control Drought Salinity 
0mM 0.0382 Ab 1.3940 Aa 0.549 + 0.053 Db 1.127 + 0.068 Ca 0.994 + 0.072 Ca 
1.5 mM 0.0364 Ab 1.0762 Aa 1.222 + 0.076 Cb 2.409 + 0.213 Ba 2.541 + 0.173 Ba 
2.0 mM 0.0328 Ab 1.0134Aa 1.524 + 0.042 Bb 2.651 + 0.188 Ba 3.097 + 0.257 Aa 
2.5 mM 0.0377 Ab 1.2650 Aa 1.776 + 0.130 A b 3.122+0.109 Aa 3.098 + 0.225 Aa 


Different uppercase letters indicate significant differences among silicon concentration groups; different lowercase letters indicate significant differences 


among treatment groups by LSD at p < 0.05. 


Table 5 Effect of silicon on the temper 


ature of KDML 105 rice plants under drought and salinity conditions. 


Si concentration Condition 

Control Drought Salinity 

T (°C) AT (°C) T (°C) AT (°C) T (°C) AT (°C) 
0mM 30.77 - 31.58 - 33.61 - 
1.5 mM 30.19 —0.59 ABa 33.67 0.11Aa 33.77 0.16Aa 
2.0 mM 29.81 —0.97Ba 33.78 0.16Aa 33.24 —0.37Aa 
2.5 mM 31.18 041Aa 33.83 l.llAa 33.51 —0.10Aa 


* The temperature difference (AT) between Si 


concentrations in each condition was normalized to the 0 mM Si group. 


4. Discussion 


In general, Si is presented as a beneficial element stimulating plant growth. Rice highly 
accumulates silicon up to 10% of shoot dry weight. Deposition of Si in rice shoots 
improves plant structural strength and light interception by keeping the erectness of 
leaves and preventing lodging (Ma et al., 2002). Similar to a recent study, we found 
that all growth parameters of the rice plants in the control condition were enhanced 
by the Si application. The results are in agreement with Zaimenko et al. (2018), who 
reported that silicon-mixed fertilizers stimulated corn seedling growth. 


Drought and salt stress have a synergistic impact reducing plant growth. The severe 
damaging effects of drought stress are caused by insufficient water relations, while 
salinity powerfully stimulates plant ion imbalance (Leanasawat et al., 2021; Oraee & 
Tehranifar, 2022; Panfilova et al., 2021). In the current study, both stress circumstances 
negatively affected the growth parameters. The drought and salt stresses result in a lack 
of water absorption, leading to a decrease in water content and, consequently, affecting 
cell membrane functions as well as cell turgidity and enlargement (Farooq et al., 2019; 
Wei et al., 2022). Abdelaal et al. (2020) and Ahmed et al. (2021) reported that the 
water potential decline was caused by reducing turgor pressure and increasing osmotic 
pressure in roots, resulting in insufficient water supply along with interruption of ion 
cellular balance in salinity conditions. 


The application of Na,SiO, can improve shoot weight under drought and salt stress, 
particularly the best concentration which enhanced SFW was 2.0 mM Si. The capa- 
bility of Si to promote plant growth in stressful conditions has been reported in rice 
seedlings (Yan et al., 2021). These positive effects were also described by Etesami et al. 
(2022). They found that Si reduced water loss by forming silica cuticle double-layers 
located in leaf epidermis, modifying suberin and lignin location and surging water 
uptake in the root. Si modified the plant structure to resist salt stress damage by 
producing polymer gel, which hindered high Na* toxicity in plants (Ali et al., 2019). 
As reported by Zaimenko et al. (2018), collaboration between natural silicates and 
organic fertilizers resulted in salt stress resistance in corn seedlings by stimulating 
growth and up-regulating antioxidants. Moreover, Si expedites mineral accumulation, 
especially facilitating K* translocation from root to shoot for counteracting excess 
toxic ions (Rizwan et al., 2015). 
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Figure 2 Scree plots showing the variance proportion (%) of the first seven principal components from PCA biplots based on 
control and (A) drought or (D) salt stress datasets. The top 10 measured variables that contributed to PC1 (B and E) and PC2 

(C and F) in the control and drought (B and C) or salt stress (E and F) conditions. The important contributing variables are marked 
with the referent red dashed line. 


Drought and salt stresses cause water scarcity-related damage and physiological alter- 
ations in plants. Other researchers reported that various traits in rice and barley, 
including RWC, were negatively affected by drought and high salinity concentrations 
(Aslam et al., 2022; Farooq et al., 2009; Kojonna et al., 2022; Torun et al., 2022). 
The reduction in osmotic and turgor pressure caused by PEG and excess ions was 
found to lead to reduced water availability in plants (Ahmed et al., 2021; Aslam et al., 
2022; Farooq et al., 2009). As shown by our results, RWC significantly decreases in 
rice plants treated with drought and salt stresses. Si application can obstruct water 
loss by adjusting plant morphology through increasing leaf thickness, up-regulating 
aquaporin gene expression, and reducing transpiration from various forms of Si 
deposition (Bhardwaj et al., 2022). RWC of bread wheat treated with 1.0-2.0 mM Si 
under salinity was significantly mitigated (Nadeem et al., 2022). Similarly, we found 
that 2.0 mM Na,SiO; significantly ameliorated water relations in the rice leaves. In 
addition, all concentrations of Si significantly increased RWC in the drought-stressed 
rice plants in this study. This investigation was supported by results obtained by 
Desoky et al. (2021), who reported that exogenous 1.5 mM Si improved water status 
of beans in waterless fields. 


Drought and salinity circumstances impair cell membrane stability resulting in ion 
leakage (Bijanzadeh et al., 2022; Sapre et al., 2022). Over-production of reactive 
oxygen species (ROS) triggered by stress results in metabolic disorders, specifically 
lipid peroxidation (Khan et al., 2022). Although the EL parameter was significantly 
increased by salt, the drought stress induced non-significant changes in the present 
study. Moreover, Si did not reduce the drought stress-stimulated electrolyte leakage. 
This result contrasted with the findings reported by Bijanzadeh et al. (2022), as the 
ion leakage percentage in PEG-injured maize was decreased by 1.0 mM Si solutions. 
This might be due to the shorter treatment time for drought-induced cell breakdown, 
similar to Jungklang et al. (2017), who found that EL exhibited non-significant changes 
in ginger plants exposed to water stress for 20 days. Conversely, the ion leakage in 
2.5 mM Si-applied rice plants was significantly ameliorated under salt solutions. 
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Figure 3 PCA biplots derived from the variance of 16 or 17 growth, physiological, and biochemical traits of KDML105 rice plant in 
the control and (A) drought or (B) salinity conditions, respectively. Arrows indicate the powerful strength of the trait impact on the 
first two components in the plot. 
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Somaddar et al. (2022) found that salt-tolerant and sensitive rice cultivars were 
positively affected from 1.0-2.0 mM Si, which hampered increasing ion leakage. Si 
tended to slightly reduce MDA, a bio-indicator of membrane damage, in both stresses 
at all concentrations. This observation was similar to that described by Xu et al. (2022), 
who reported that MDA contents in Si-applied maize declined in water insufficient 
soils. The antioxidant genes and antioxidant enzyme activities were up-regulated 
by Si to eliminate ROS. Si-stimulated peroxidase and catalase were able to reduce 
lipid peroxidation by catalyzing H,O, destruction (Zhang et al., 2018). These former 
observations are in agreement with our findings. All the Si concentrations used in 
this experiment tended to slightly reduce the MDA contents in rice plants exposed to 
both stresses. 


In this study, Py, g,, and E were significantly reduced under drought and salt stresses 
without Si application. The challenging water deficit, even resulting from drought 
and salinity induction, stimulates up-regulation of chlorophyllase genes and down- 
regulates enzymes for chlorophyll synthesis, resulting in a decrease in net photosyn- 
thesis rates (Begum et al., 2022). As reported by Larkunthod et al. (2022), salinity stress 
drastically influenced the photosynthesis traits of rice seedlings. Water insufficiency 
severely decreased the photosynthetic potential indicators in rice at the heading stage. 
All these pieces of evidence were supported by Challabathula et al. (2022), who 
observed that the leaf gas exchange characters of rice seedlings were significantly 
reduced under salt and drought stress. There is also a report clearly exhibiting that 
the net photosynthetic rate of detrimentally drought-exposed barleys significantly 
dwindled (Harb & Samarah, 2015). 


Exogenous Si can surge chlorophyll pigments and regulate the rigidity of the leaf 
structure to increase light perception under abiotic stress (Singh et al., 2022). The 
present results showed that the activity of Si can improve Py, g,, and E in rice plants 
exposed to salinity; however, no amelioration was noted under drought stress. These 
findings are in agreement with the report by Shi et al. (2013), who elucidated the 
development of Py, g,, and E in rice seedlings after supplementation with exogenous Si 
under salinity. In this study, we found that WUE was increased in the drought and salt 
treatments, and no alterations in WUE were induced by exogenous Si under drought. 
This was caused by the intrinsically Si-improved net photosynthesis corroborated 
with dramatically reducing transpiration under stress. Alternatively, silicon doses of 
2.0 mM significantly decreased the salt negative-stimulated WUE in this study. 


Leaf temperature has been used to predict various stress symptoms in many plants 
(Das et al., 2021; Pradawet et al., 2022; Ramirez-Cuesta et al., 2022). Changes in 
this indicator were related to transpiration adjustment (Pradawet et al., 2022). Severe 
stress-induced signals according to decreased water relations were transferred to 
accelerate stomatal closure, leading to an increase in the leaf-surrounding temper- 
ature (Pineda et al., 2020). The present investigation demonstrated that the canopy 
temperature increased by around 10% in the non-Si drought and salt stress. The Si- 
supplemented rice plants exhibited a decline in the canopy temperature in the control 
and salinity group, especially those supplemented with 2.0 and 2.5 mM Na,SiO;. A 
rise in the canopy temperature has been demonstrated to be closely related to stress 
effects. This knowledge was supported by Pipatsitee et al. (2021), who declared that 
CWSI was enlarged with increasing leaf temperatures in water-less induced maize. 
In turn, in high salinity water, the CWSI of Euonymus japonica was significantly 
enhanced (Gomez-Bellot et al., 2015). Moreover, Pradawet et al. (2022) reported a 
powerful correlation between CWSI and stomatal efficiency in maize response to 
water shortage. Accumulated Si deposited in the leaf and stem epidermis of salt- 
stressed plants can decrease transpiration to prevent water loss and stimulate higher 
K* uptake to induce stomatal activity (Avestan et al., 2019). In drought conditions, we 
found stable g, along with slightly increasing temperatures in rice plants. 


Generally, cellular toxicity caused by excess Na*, disturbing other nutrient equilib- 
rium, is induced by salt stress (Shahzad et al., 2021). Si can prevent the disturbance 
of the Na* and K* equilibrium by adjusting Na* accumulation. The Si accumulation 
significantly increased in all conditions, whereas the Na* to K* ratio tended to decline 
under salinity when the rice plants were treated with 1.5 and 2.0 mM Si. The results 
are in line with those reported by Yan et al. (2021). They found that exogenous Si 
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Figure 4 Overall Si-mediated stress mitigating mechanisms in rice plants in drought and saline conditions. 


up-regulated Si transport genes (OsLsil and OsLsi2), which encode Si transporters 
OsLsil and OsLsi2. OsLsil and OsLsi2 locate in endodermis, regulate Si uptake via 
roots, and defend Na* root-to-shoot translocation as an apoplastic barrier. In addi- 
tion, Si improved the activity of the K* transporter and intensively stimulated H*- 
ATPase to decrease osmotic stress substantially (Jam et al., 2022; Oraee & Tehranifar, 
2022). As mentioned above, when applied at proper concentrations, silicon was able 
to alleviate the drought and salinity effects on rice through mechanisms depicted in 
Figure 4. 


The multivariate analysis using PCA indicated that the growth, photosynthetic, and 
water status parameters in the control group treated with Si and in both drought 
and salt-stressed groups were highly correlated, as well as receiving amelioration 
from all Si concentrations. The PCA results also implied that Si produced greater 
improvement in alleviation of salt stress than drought, as shown by the separation 
of the Si-supplemented salt treatments from the non-Si salt group along PC1. 


5. Conclusion 


Rice plants under drought and salt stress must confront critical physiological damage 
causing growth reduction, including reduced water relations, increasing stress bio 
indicators, and cellular electrolyte leakage, particularly an imbalance of ion contents in 
plant tissues exposed to high salt solutions. In this study, 2.0 mM Na, SiO; was the best 
concentration for relieving drought and salinity effects. The Si application significantly 
retrieved several growth and physiological parameters, especially positively adjust- 
ing the Na*/K* equilibrium. However, unsuitable concentrations of Si might exhibit 
an insufficient capability to handle stress. Hence, the Si administration as 2.0 mM 
Na,SiO; might be appropriate for application to the KDML105 rice cultivar. From 
our perspective, these results will support further investigation in various cultivars 
and forms of Si, answering unknown questions in the future. 


Acknowledgments 


This research was supported by the Development and Promotion of Science and 
Technology Talents (DPST) scholarship to Wongsakorn Wongla by the Royal Thai 
Government, and the research funds to Watanachai Lontom from the Faculty of 
Science, Khon Kaen University (Fiscal year: 2022) and the Division for Research and 
Graduate Studies, Khon Kaen University under the Research Program RP66-1-003. 


Acta Agrobotanica / 2023 / Volume 76 / Article 172075 13 
Publisher: Polish Botanical Society 


Wongla et al. / Exogenous Si alleviates stress effects in rice 


Rice seeds were kindly provided by Assoc. Prof. Dr. Anoma Dongsansuk, Department 
of Agronomy, Faculty of Agriculture, Khon Kaen University. 


References 


Abdelaal, K. A., Mazrou, Y. S., & Hafez, Y. M. (2020). Silicon foliar application mitigates salt 
stress in sweet pepper plants by enhancing water status, photosynthesis, antioxidant 
enzyme activity and fruit yield. Plants, 9(6), Article 733. 
https://doi.org/10.3390/plants9060733 

Ahmad, R., Hussain, S., Anjum, M. A., Khalid, M. E, Saqib, M., Zakir, I., Hassan, A., Fahad, S., 
& Ahmad, S. (2019). Oxidative stress and antioxidant defense mechanisms in plants 
under salt stress. In Plant abiotic stress tolerance: Agronomic, molecular and 
biotechnological approaches (pp. 191-205). Springer, Cham. 
https://doi.org/10.1007/978-3-030-06118-0_8 

Ahmad, Z., Warraich, E. A., Iqbal, M. A., Barutcular, C., Alharby, H., Bamagoos, A., Cig, FE, & 
El Sabagh, A. (2021). Foliage applied silicon ameliorates drought stress through 
physio-morphological traits, osmoprotectants and antioxidant metabolism of camelina 
(Camelina sativa L.) genotypes. Acta Scientiarum Polonorum Hortorum Cultus, 20(4), 
43-57. https://doi.org/10.24326/asphc.2021.4.4 

Ahmed, S., Heo, T. Y., Roy Choudhury, A., Walitang, D. I., Choi, J., & Sa, T. (2021). 
Accumulation of compatible solutes in rice (Oryza sativa L.) cultivars by inoculation of 
endophytic plant growth promoting bacteria to alleviate salt stress. Applied Biological 
Chemistry, 64, 1-14. https://doi.org/10.1186/s13765-021-00638-x 

Ali, A., Haq, T. U., Mahmood, R., Jaan, M., & Abbas, M. N. (2019). Stimulating the 
anti-oxidative role and wheat growth improvement through silicon under salt stress. 
Silicon, 11, 2403-2406. https://doi.org/10.1007/s12633-015-9378-4 

Ali, M. B. (2015). Physiological response of German winter faba bean (Vicia faba L.) to 
drought. Journal of Crop Improvement, 29(3), 319-332. 
https://doi.org/10.1080/15427528.2015.1022918 

Aslam, M. M., Rashid, M. A. R., Siddiqui, M. A., Khan, M. T., Farhat, E, Yasmeen, S., Khan, I. 
A., Raja, S., Rasool, F.,, Sial, M. A., & Yan, Z. (2022). Recent insights into signaling 
responses to cope drought stress in rice. Rice Science, 29(2), 105-117. 
https://doi.org/10.1016/j.rsci.2021.08.001 

Avestan, S., Ghasemnezhad, M., Esfahani, M., & Byrt, C. S. (2019). Application of 
nano-silicon dioxide improves salt stress tolerance in strawberry plants. Agronomy, 
9(5), Article 246. https://doi.org/10.3390/agronomy9050246 

Ballester, C., Jiménez-Bello, M. A., Castel, J. R., & Intrigliolo, D. S. (2013). Usefulness of 
thermography for plant water stress detection in citrus and persimmon trees. 
Agricultural and Forest Meteorology, 168, 120-129. 
https://doi.org/10.1016/j.agrformet.2012.08.005 

Begum, N., Wang, L., Ahmad, H., Akhtar, K., Roy, R., Khan, M. L., & Zhao, T. (2022). 
Co-inoculation of arbuscular mycorrhizal fungi and the plant growth-promoting 
rhizobacteria improve growth and photosynthesis in tobacco under drought stress by 
up-regulating antioxidant and mineral nutrition metabolism. Microbial Ecology, 83, 
971-988. https://doi.org/10.1007/s00248-021-01815-7 

Bhardwaj, S., Sharma, D., Singh, S., Ramamurthy, P. C., Verma, T., Pujari, M., Singh, J., 
Kapoor, D., & Prasad, R. (2022). Physiological and molecular insights into the role of 
silicon in improving plant performance under abiotic stresses. Plant and Soil, 486(2), 
1-19. https://doi.org/10.1007/s11104-022-05395-4 

Bijanzadeh, E., Barati, V., & Egan, T. P. (2022). Foliar application of sodium silicate mitigates 
drought stressed leaf structure in corn (Zea mays L.). South African Journal of Botany, 
147, 8-17. https://doi.org/10.1016/j.sajb.2021.12.032 

Can, Z. H.A. O., Huang, H., Qian, Z. H., Jiang, H. X., Liu, G. M., Ke, X. U., Hu, Y., Dai, Q. G., 
& Huo, Z. Y. (2021). Effect of side deep placement of nitrogen on yield and nitrogen use 
efficiency of single season late japonica rice. Journal of Integrative Agriculture, 20(6), 
1487-1502. https://doi.org/10.1016/S2095-3119(20)63362-7 

Chaiwong, N., & Prom-u-thai, C. (2022). Significant roles of silicon for improving crop 
productivity and factors affecting silicon uptake and accumulation in rice: A review. 
Journal of Soil Science and Plant Nutrition, 22(2), 1970-1982. 
https://doi.org/10.1007/s42729-022-00787-y 

Challabathula, D., Analin, B., Mohanan, A., & Bakka, K. (2022). Differential modulation of 
photosynthesis, ROS and antioxidant enzyme activities in stress-sensitive and tolerant 
rice cultivars during salinity and drought upon restriction of COX and AOX pathways 
of mitochondrial oxidative electron transport. Journal of Plant Physiology, 268, Article 
153583. https://doi.org/10.1016/j.jplph.2021.153583 


Acta Agrobotanica / 2023 / Volume 76 / Article 172075 14 
Publisher: Polish Botanical Society 


Wongla et al. / Exogenous Si alleviates stress effects in rice 


Costa, J. M., Grant, O. M., & Chaves, M. M. (2013). Thermography to explore 
plant-environment interactions. Journal of Experimental Botany, 64(13), 3937-3949. 
https://doi.org/10.1093/jxb/ert029 

Das, S., Christopher, J., Apan, A., Choudhury, M. R., Chapman, S., Menzies, N. W., & Dang, Y. 
P. (2021). Evaluation of water status of wheat genotypes to aid prediction of yield on 
sodic soils using UAV-thermal imaging and machine learning. Agricultural and Forest 
Meteorology, 307, Article 108477. https://doi.org/10.1016/j.agrformet.2021.108477 

Das, S., Panwar, G. S., Shankhdhar, D., & Shankhdhar, S. C. (2022). Silicon-mediated 
modulation of physiological attributes, and pollen morphology under normal and 

water-deficit conditions in rice (Oryza sativa L.). Cereal Research Communications, 
50(4), 929-939. https://doi.org/10.1007/s42976-022-00246-5 

de Oliveira, R. L. L., de Mello Prado, R., Felisberto, G., & Cruz, F. J. R. (2019). Different sources 
of silicon by foliar spraying on the growth and gas exchange in sorghum. Journal of Soil 
Science and Plant Nutrition, 19, 948-953. https://doi.org/10.1007/s42729-019-00092-1 

Desoky, E. S. M., Mansour, E., El-Sobky, E. S. E., Abdul-Hamid, M. IL. Taha, T. F, Elakkad, H. 
A., Arnaout, M., Eid, R. S. M., El-Tarabily, A., & Yasin, M. A. (2021). 
Physio-biochemical and agronomic responses of faba beans to exogenously applied 
nano-silicon under drought stress conditions. Frontiers in Plant Science, 12, Article 
637783. https://doi.org/10.3389/fpls.2021.637783 

Elliott, C. L., & Snyder, G. H. (1991). Autoclave-induced digestion for the colorimetric 
determination of silicon in rice straw. Journal of Agricultural and Food Chemistry, 39(6), 
1118-1119. https://doi-org/10.1021/jf00006a024 

Etesami, H., Li, Z., Maathuis, F. J., & Cooke, J. (2022). The combined use of silicon and 
arbuscular mycorrhizas to mitigate salinity and drought stress in rice. Environmental 
and Experimental Botany, 201, Article 104955. 
https://doi.org/10.1016/j.envexpbot.2022.104955 

Farooq, M., Wahid, A., Kobayashi, N. S. M. A., Fujita, D. B.S. M. A., & Basra, S. M. A. (2009). 
Plant drought stress: Effects, mechanisms and management. In Sustainable agriculture 
(pp. 153-188). Springer. https://doi.org/10.1007/978-90-481-2666-8_12 

Farooq, M. A., Sagib, Z. A., Akhtar, J., Bakhat, H. FE, Pasala, R. K., & Dietz, K. J. (2019). 
Protective role of silicon (Si) against combined stress of salinity and boron (B) toxicity 
by improving antioxidant enzymes activity in rice. Silicon, 11, 2193-2197. 
https://doi.org/10.1007/s12633-015-9346-z 

Gomez-Bellot, M. J., Nortes, P. A., Sanchez-Blanco, M. J., & Ortufio, M. E (2015). Sensitivity 
of thermal imaging and infrared thermometry to detect water status changes in 
Euonymus japonica plants irrigated with saline reclaimed water. Biosystems 
Engineering, 133, 21-32. https://doi.org/10.1016/j.biosystemseng.2015.02.014 

Harb, A. M., & Samarah, N. H. (2015). Physiological and molecular responses to controlled 
severe drought in two barley (Hordeum vulgare L.) genotypes. Journal of Crop 
Improvement, 29(1), 82-94. https://doi.org/10.1080/15427528.2014.976802 

Heath, R. L., & Packer, L. (1968). Photoperoxidation in isolated chloroplasts: I. Kinetics and 
stoichiometry of fatty acid peroxidation. Archives of Biochemistry and Biophysics, 
125(1), 189-198. https://doi.org/10.1016/0003-9861 (68)90654- 1 

Hesse, P. R. (1972). Total (elemental) analysis and some trace elements. In Textbook of Soil 
Chemical Analysis. Chemical Publishing Company. 

Jam, B. J., Shekari, F, Andalibi, B., Fotovat, R., Jafarian, V., Najafi, J., Uberti, D., & Mastinu, A. 
(2022). Impact of silicon foliar application on the growth and physiological traits of 
Carthamus tinctorius L. exposed to salt stress. Silicon, 15(3), 1235-1245. 
https://doi.org/10.1007/s12633-022-02090-y 

Jones, H. G. (2004). Irrigation scheduling: Advantages and pitfalls of plant-based methods. 
Journal of Experimental Botany, 55(407), 2427-2436. 
https://doi.org/10.1093/jxb/erh213 

Jungklang, J., Saengnil, K., & Uthaibutra, J. (2017). Effects of water-deficit stress and 
paclobutrazol on growth, relative water content, electrolyte leakage, proline content and 
some antioxidant changes in Curcuma alismatifolia Gagnep. cv. Chiang Mai Pink. Saudi 
Journal of Biological Sciences, 24(7), 1505-1512. 
https://doi.org/10.1016/j.sjbs.2015.09.017 

Khadka, D., Babel, M. S., Shrestha, S., Virdis, S. G., & Collins, M. (2021). Multivariate and 
multi-temporal analysis of meteorological drought in the northeast of Thailand. 
Weather and Climate Extremes, 34, Article 100399. 
https://doi.org/10.1016/j.wace.2021.100399 

Khan, T. A., Saleem, M., & Fariduddin, Q. (2022). Melatonin influences stomatal behavior, 
root morphology, cell viability, photosynthetic responses, fruit yield, and fruit quality of 
tomato plants exposed to salt stress. Journal of Plant Growth Regulation, 42(4), 1-25. 
https://doi.org/10.1007/s00344-022-10713-2 


Acta Agrobotanica / 2023 / Volume 76 / Article 172075 15 


Publisher: Polish Botanical Society 


Wongla et al. / Exogenous Si alleviates stress effects in rice 


Khotchanalekha, K., Saksirirat, W., Ayutthaya, S. I. N., Sakai, K., Tashiro, Y., Okugawa, Y., & 
Tongpim, S. (2020). Isolation and selection of plant growth promoting endophytic 
bacteria associated with healthy hevea brasiliensis for use as plant growth promoters in 
rubber seedlings under salinity stress. Chiang Mai Journal of Science, 47(1), 39-48. 

Kojonna, T., Suttiyut, T., Khunpolwattana, N., Pongpanich, M., Suriya-Arunroj, D., Comai, L., 
Buaboocha, T., & Chadchawan, S. (2022). Identification of a negative regulator for salt 
tolerance at seedling stage via a genome-wide association study of Thai rice 
populations. International Journal of Molecular Sciences, 23(3), Article 1842. 
https://doi.org/10.3390/ijms23031842 

Larkunthod, P., Boonlakhorn, J., Pansarakham, P., Pongdontri, P., Thongbai, P., & 
Theerakulpisut, P. (2022). Synthesis and characterization of silica nanoparticles from 
rice husk and their effects on physiology of rice under salt stress. Chilean Journal of 
Agricultural Research, 82(3), 412-425. 
https://doi.org/10.4067/S0718-58392022000300412 

Leanasawat, N., Kosittrakun, M., Lontom, W., & Songsri, P. (2021). Physiological and 
agronomic traits of certain sugarcane genotypes grown under field conditions as 
influenced by early drought stress. Agronomy, 11(11), Article 2319. 
https://doi.org/10.3390/agronomy11112319 

Li, R., Chaicherdsakul, T., Kunathigan, V., Roytrakul, S., Paemanee, A., & Kittisenachai, S. 
(2020). Shotgun proteomic analysis of germinated rice (Oryza sativa L.) under salt 
stress. Applied Science and Engineering Progress, 13(1), 76-85. 
https://doi.org/10.14416/j.ijast.2018.12.001 

Li, R., Shi, E, Fukuda, K., & Yang, Y. (2010). Effects of salt and alkali stresses on germination, 
growth, photosynthesis and ion accumulation in alfalfa (Medicago sativa L.). Soil Science 
and Plant Nutrition, 56(5), 725-733. https://doi.org/10.1111/j.1747-0765.2010.00506.x 

Li-Ping, B. A. I., Fang-Gong, S. U. I. Ti-Da, G. E., Zhao-Hui, S. U. N., Yin-Yan, L. U., & 
Guang-Sheng, Z. H. O. U. (2006). Effect of soil drought stress on leaf water status, 
membrane permeability and enzymatic antioxidant system of maize. Pedosphere, 16(3), 
326-332. https://doi.org/10.1016/S1002-0160(06)60059-3 

Liu, B., Soundararajan, P., & Manivannan, A. (2019). Mechanisms of silicon-mediated 
amelioration of salt stress in plants. Plants, 8(9), Article 307. 
https://doi.org/10.3390%2Fplants8090307 

Ma, C. C., Gao, Y. B., Guo, H. Y., & Wang, J. L. (2004). Photosynthesis, transpiration, and 
water use efficiency of Caragana microphylla, C. intermedia, and C. korshinskii. 
Photosynthetica, 42, 65-70. https://doi.org/10.1023/B:PHOT.0000040571.63254.c2 

Ma, J. FE, Tamai, K., Ichii, M., & Wu, G. EF. (2002). A rice mutant defective in Si uptake. Plant 
Physiology, 130(4), 2111-2117. https://doi.org/10.1104/pp.010348 

Nadeem, M., ul Haq, M. A., Saqib, M., & Maqsood, M. (2022). Comparative response of bread 
wheat (Triticum aestivum L.) genotypes in terms of growth traits, tissue health and 
ionic homeostasis to exogenous silicon application under moderate to strongly salinity 
stress. Pakistan Journal of Agricultural Sciences, 59(4), 553-565. 
https://doi.org/10.21162/PAKJAS/22.417 

Oraee, A., & Tehranifar, A. (2022). Relationship between silicon through potassium silicate 
and salinity tolerance in Bellis perennis L. Silicon, 15(1), 93-107. 
https://doi.org/10.1007/s12633-022-01988-x 

Panfilova, O., Okatan, V., Tsoy, M., Golyaeva, O., Knyazev, S., & Kahramanoglu, I. (2021). 
Evaluation of the growth, drought tolerance and biochemical compositions of 
introduced red currant cultivars and Russian breeding genotypes in temperate 
continental climate. Folia Horticulturae, 33(2), 309-324. 
https://doi.org/10.2478/fhort-2021-0023 

Parveen, A., Liu, W., Hussain, S., Asghar, J., Perveen, S., & Xiong, Y. (2019). Silicon priming 
regulates morpho-physiological growth and oxidative metabolism in maize under 
drought stress. Plants, 8(10), Article 431. https://doi.org/10.3390/plants8 100431 

Phansak, P., Siriwong, S., Kanawapee, N., Thumanu, K., Gunnula, W., & Buensanteai, N. 
(2021). Drought response of rice in northeastern Thailand assessed via Fourier 
transform infrared spectroscopy. Acta Agrobotanica, 74(1), Article 7421. 
https://doi.org/10.5586/aa.7421 

Pineda, M., Barén, M., & Pérez-Bueno, M. L. (2020). Thermal imaging for plant stress 
detection and phenotyping. Remote Sensing, 13(1), Article 68. 
https://doi.org/10.3390/rs13010068 

Pipatsitee, P., Eiumnoh, A., Praseartkul, P., Taota, K., Kongpugdee, S., Sakulleerungroj, K., & 
Cha-um, S. (2018). Application of infrared thermography to assess cassava physiology 
under water deficit condition. Plant Production Science, 21(4), 398-406. 
https://doi.org/10.1080/1343943X.2018.1530943 

Pipatsitee, P., Theerawitaya, C., Tiasarum, R., Samphumphuang, T., Singh, H. P., Datta, A., & 
Cha-um, S. (2021). Physio-morphological traits and osmoregulation strategies of 


Acta Agrobotanica / 2023 / Volume 76 / Article 172075 16 
Publisher: Polish Botanical Society 


Wongla et al. / Exogenous Si alleviates stress effects in rice 


hybrid maize (Zea mays) at the seedling stage in response to water-deficit stress. 
Protoplasma, 259(4), 869-883. https://doi.org/10.1007/s00709-021-01707-0 

Pradawet, C., Khongdee, N., Pansak, W., Spreer, W., Hilger, T., & Cadisch, G. (2022). Thermal 
imaging for assessment of maize water stress and yield prediction under drought 
conditions. Journal of Agronomy and Crop Science, 209(1), 56-70. 
https://doi.org/10.1111/jac.12582 

Ramirez-Cuesta, J. M., Ortufio, M. E, Gonzalez-Dugo, V., Zarco-Tejada, P. J., Parra, M., 
Rubio-Asensio, J. S., & Intrigliolo, D. S. (2022). Assessment of peach trees water status 
and leaf gas exchange using on-the-ground versus airborne-based thermal imagery. 
Agricultural Water Management, 267, Article 107628. 
https://doi.org/10.1016/j.agwat.2022.107628 

Rizwan, M., Ali, S., Ibrahim, M., Farid, M., Adrees, M., Bharwana, S. A., Zia-ur-Rehmen, M., 
Qayyum, M. FE, & Abbas, F (2015). Mechanisms of silicon-mediated alleviation of 
drought and salt stress in plants: A review. Environmental Science and Pollution 
Research, 22, 15416-15431. https://doi.org/10.1007/s11356-015-5305-x 

Sapre, S., Gontia-Mishra, I., & Tiwari, S. (2022). Plant growth-promoting rhizobacteria 
ameliorates salinity stress in pea (Pisum sativum). Journal of Plant Growth Regulation, 
41(2), 647-656. https://doi.org/10.1007/s00344-021-10329-y 

Shahzad, B., Rehman, A., Tanveer, M., Wang, L., Park, S. K., & Ali, A. (2021). Salt stress in 
brassica: Effects, tolerance mechanisms, and management. Journal of Plant Growth 
Regulation, 41(4), 1-15. https://doi.org/10.1007/s00344-021-10338-x 

Shi, Y., Wang, Y., Flowers, T. J., & Gong, H. (2013). Silicon decreases chloride transport in rice 
(Oryza sativa L.) in saline conditions. Journal of Plant Physiology, 170(9), 847-853. 
https://doi.org/10.3389/fpls.2022.935090 

Siddiqui, Z. S., Cho, J. L, Park, S. H., Kwon, T. R., Ahn, B. O., Lee, G. S., Jeong, M. J., Kim, K. 
W.; Lee, S. K., & Park, S. C. (2014). Phenotyping of rice in salt stress environment using 
high-throughput infrared imaging. Acta Botanica Croatica, 73(1), 149-158. 
https://doi.org/10.2478/botcro-2013-0027 

Singh, P., Kumar, V., Sharma, J., Saini, S., Sharma, P., Kumar, S., Sinhmar, Y., Kumar, D., & 
Sharma, A. (2022). Silicon supplementation alleviates the salinity stress in wheat plants 
by enhancing the plant water status, photosynthetic pigments, proline content and 
antioxidant enzyme activities. Plants, 11(19), Article 2525. 
https://doi.org/10.3390/plants11192525 

Somaddar, U., Dey, H. C., Mim, S. K., Sarker, U. K., Uddin, M. R., Ahmed, N. U., Mostofa, M. 
G., & Saha, G. (2022). Assessing silicon-mediated growth performances in contrasting 
rice cultivars under salt stress. Plants, 11(14), Article 1831. 
https://doi.org/10.3390/plants11141831 

Takashima, Y., Hiraoka, Y., Matsushita, M., & Takahashi, M. (2021). Evaluation of responsivity 
to drought stress using infrared thermography and chlorophyll fluorescence in potted 
clones of Cryptomeria japonica. Forests, 12(1), Article 55. 
https://doi.org/10.3390/£12010055 

Taratima, W., Ritmaha, T., Jongrungklang, N., & Maneerattanarungroj, P. (2021). Leaf 
anatomical adaptation under early drought stress of sugarcane cultivars-KKU-1999-02 
and KKU-1999-03. Acta Agrobotanica, 74(1), Article 7419. 
https://doi.org/10.5586/aa.7419 

Torun, H., Novak, O., Mikulik, J., Strnad, M., & Ayaz, FE. A. (2022). The effects of exogenous 
salicylic acid on endogenous phytohormone status in Hordeum vulgare L. under salt 
stress. Plants, 11(5), Article 618. https://doi.org/10.3390/plants11050618 

Wei, L., Zhao, H., Wang, B., Wu, X., Lan, R., Huang, X., Chen, B., Chen, G., Jiang, C., Wang, J., 
Liu, Y., & Zheng, Q. (2022). Exogenous melatonin improves the growth of rice seedlings 
by regulating redox balance and ion homeostasis under salt stress. Journal of Plant 
Growth Regulation, 41(6), 2108-2121. https://doi.org/10.1007/s00344-021-10417-z 

Xu, J., Guo, L., & Liu, L. (2022). Exogenous silicon alleviates drought stress in maize by 
improving growth, photosynthetic and antioxidant metabolism. Environmental and 
Experimental Botany, 201, Article 104974. 
https://doi.org/10.1016/j.envexpbot.2022.104974 

Yan, G., Fan, X., Tan, L., Yin, C., Li, T., & Liang, Y. (2021). Root silicon deposition and its 
resultant reduction of sodium bypass flow is modulated by OsLsil and OsLsi2 in rice. 
Plant Physiology and Biochemistry, 158, 219-227. 
https://doi.org/10.1016/j.plaphy.2020.11.015 

Ye, T., Shi, P., Wang, J. A., Liu, L., Fan, Y., & Hu, J. (2012). China’s drought disaster risk 
management: Perspective of severe droughts in 2009-2010. International Journal of 
Disaster Risk Science, 3, 84-97. https://doi.org/10.1007/s13753-012-0009-z 

Yoshida, S., Forno, D. A., Cock, J. H., & Gomez, K. A. (1976). Laboratory manual for 
physiological studies of rice (3rd ed.). International Rice Research Institute. 


Acta Agrobotanica / 2023 / Volume 76 / Article 172075 17 
Publisher: Polish Botanical Society 


Wondla et al. / Exogenous Si alleviates stress effects in rice 


Zaimenko, N. V., Didyk, N. P., Pavliuchenko, N. A., Ivanytska, B. O., Kharytonova, I. P., & 
Rositska, N. V. (2018). Natural silicates mixed with organic fertilizers enhance corn 
adaptation to salt stress and improve physical characteristics of sandy soil. Journal of 
Crop Improvement, 32(2), 188-207. https://doi.org/10.1080/15427528.2017.1405856 

Zhang, H., Liu, X. L., Zhang, R. X., Yuan, H. Y., Wang, M. M., Yang, H. Y., Liu, D., Jiang, L. J., 
& Liang, Z. W. (2017). Root damage under alkaline stress is associated with reactive 
oxygen species accumulation in rice (Oryza sativa L.). Frontiers in Plant Science, 8, 
Article 1580. https://doi.org/10.3389/fpls.2017.01580 

Zhang, X., Zhang, W., Lang, D., Cui, J., & Li, Y. (2018). Silicon improves salt tolerance of 
Glycyrrhiza uralensis Fisch. by ameliorating osmotic and oxidative stresses and 
improving phytohormonal balance. Environmental Science and Pollution Research, 25, 
25916-25932. https://doi.org/10.1007/s11356-018-2595-9 

Zhao, B., Yang, D., Yang, S., & Santisirisomboon, J. (2022). Spatiotemporal characteristics of 
droughts and their propagation during the past 67 years in Northern Thailand. 
Atmosphere, 13(2), Article 277. https://doi.org/10.3390/atmos13020277 


Acta Agrobotanica / 2023 / Volume 76 / Article 172075 


Publisher: Polish Botanical Society 


18 


